Chrastina A, Pokreisz P, Schnitzer JE. Experimental model of transthoracic, vascular-targeted, photodynamically induced myocardial infarction. Am J Physiol Heart Circ Physiol 306: H270-H278, 2014. First published November 8, 2013 doi:10.1152/ajpheart.00818.2012We describe a novel model of myocardial infarction (MI) in rats induced by percutaneous transthoracic low-energy laser-targeted photodynamic irradiation. The procedure does not require thoracotomy and represents a minimally invasive alternative to existing surgical models. Target cardiac area to be photodynamically irradiated was triangulated from the thoracic X-ray scans. The acute phase of MI was histopathologically characterized by the presence of extensive vascular occlusion, hemorrhage, loss of transversal striations, neutrophilic infiltration, and necrotic changes of cardiomyocytes. Consequently, damaged myocardium was replaced with fibrovascular and granulation tissue. The fibrotic scar in the infarcted area was detected by computer tomography imaging. Cardiac troponin I (cTnI), a specific marker of myocardial injury, was significantly elevated at 6 h (41 Ϯ 6 ng/ml, n ϭ 4, P Ͻ 0.05 vs. baseline) and returned to baseline after 72 h. Triphenyltetrazolium chloride staining revealed transmural anterolateral infarcts targeting 25 Ϯ 3% of the left ventricle at day 1 with a decrease to 20 Ϯ 3% at day 40 (n ϭ 6 for each group, P Ͻ 0.01 vs. day 1). Electrocardiography (ECG) showed significant ST-segment elevation in the acute phase with subsequent development of a pathological Q wave and premature ventricular contractions in the chronic phase of MI. Vectorcardiogram analysis of spatiotemporal electrical signal transduction revealed changes in inscription direction, QRS loop morphology, and redistribution in quadrant areas. The photodynamically induced MI in n ϭ 51 rats was associated with 12% total mortality. Histological findings, ECG abnormalities, and elevated cTnI levels confirmed the photosensitizer-dependent induction of MI after laser irradiation. This novel rodent model of MI might provide a platform to evaluate new diagnostic or therapeutic interventions. myocardial ischemia; myocardial infarction; animal model; photosensitizer; CT imaging; ECG; VCG; laser DESPITE CONSIDERABLE EFFORT and progress in the research of coronary heart disease, myocardial infarction (MI) remains the leading cause of mortality, morbidity, and disability worldwide. MI and subsequent left ventricular (LV) dysfunction and heart failure are the consequences of prolonged myocardial ischemia after coronary occlusion. MI compromises the capacity of the heart to pump blood because of the loss of contractile mass from the affected myocardium. Ultimately MI may thereby lead to sudden death or severe hemodynamic deterioration.
DESPITE CONSIDERABLE EFFORT and progress in the research of coronary heart disease, myocardial infarction (MI) remains the leading cause of mortality, morbidity, and disability worldwide. MI and subsequent left ventricular (LV) dysfunction and heart failure are the consequences of prolonged myocardial ischemia after coronary occlusion. MI compromises the capacity of the heart to pump blood because of the loss of contractile mass from the affected myocardium. Ultimately MI may thereby lead to sudden death or severe hemodynamic deterioration.
Small animal models (predominantly mice and rats) of cardiovascular disease provide fundamental data and indispensable tools for preclinical research of human cardiac diseases (25, 42) . Rats in particular have been utilized in cardiovascular studies on imaging (53) , therapy (18, 31, 59) , and LV remodeling and repair (24, 51) after MI. There are several small animal models of MI, all of which require invasive surgery. Ligation of the coronary artery is the most commonly used method to induce MI. This involves exposure of the heart after thoracotomy, opening of the pericardial sac, and occlusion of the coronary artery with suture (12, 32) . Although this method is frequently used, open-chest surgery on small rodents results in relatively high perioperative mortality, postoperative wound healing, and inflammatory reactions. Furthermore, the reproducibility of coronary artery ligation requires extensive surgical practice and may result in infarcts of variable size (58) . The other methods, including cauterization (7) and cryoinfarction/cryoinjury (58) , also require invasive surgery. Balloon occlusion (15) is minimally invasive but technically more challenging and ultimately less feasible in small rodents. Additionally, there are several methods of pharmacologically inducible MI, including isoproterenol administration (61) . However, these methods have limitations in predicting the time frame of development, the location, and the actual size of MI. Therefore, a minimally invasive method resulting in sizewise reproducible, well-localized MI, without the necessity of open-chest surgery, would be of significant interest and potential benefit to this field of research.
Previously, we have reported a model of laser-targeted photosensitizer-induced lung infarction (14) . Using this concept of photodynamically induced infarction, we have developed a small animal model of MI. The procedure is based on laser irradiation of the myocardium through the intact chest wall of animals, which systemically received the photosensitizer chlorin e6. On excitation by the laser, the photosensitizer mediates production of cytotoxic reactive oxygen species that subsequently lead to vascular damage and development of infarction in the irradiated area of myocardium. This methodology allows rapid and reproducible induction of MI without an invasive surgical intervention and with little to no recovery time necessary after the procedure. The presented rat model might be applied potentially to other small rodents and could serve in the preclinical development of novel diagnostic and therapeutic strategies of MI. were purchased from Charles River Laboratories (Wilmington, MA). Animals were housed in the animal care facility in rooms maintained at ϩ22°C under standard 12-h light-dark cycle and provided free access to pelleted 18% protein rodent diet (Harlan) and purified drinking water ad libitum.
MATERIALS AND METHODS

Materials
X-ray-guided positioning of the irradiation beam and triangulation of the target site. Triangulation of the target site was performed with assistance of X-ray scans as previously described (14) . Briefly, rats were anesthetized by isoflurane inhalation (1.5% vol/vol in oxygen at 1 atm, 1.0 l/min). The chest was shaved, and the surface of the left thorax was marked with X-ray contrast agent directly applied on skin in 3-mm distances apart, generating an array of fiducial marks (visible on X-ray scans) as described previously (14) . Planar X-ray images were then acquired using the X-SPECT second-generation MicroSPECT imaging system (Gamma Medica, Northridge, CA) with 70 kV applied on the X-ray tube. Images were processed on a FLEX X-O system (Gamma Medica). X-ray scans allowed us to distinguish cardiac silhouette and mediastinal lines and stripes. Fiducial marks in the close proximity of the anterolateral wall of the LV were then used to guide placement of fiber-optic pipe. This triangulation minimized the possibility of peripheral pulmonary infarction. Approximately 5% of animals with signs of peripheral lung infarction during dissection were excluded from further study.
Irradiation procedure. Anesthetized animals (isoflurane, 1.5% vol/ vol in oxygen at 1 atm, 1.0 l/min) were administered buprenorphine subcutaneously (0.1 mg/kg) for analgesia, and then photosensitizer (chlorine e6, 1.5 mg/kg, prepared fresh in 0.9% NaCl) was injected intravenously. Animals were positioned in supine position, and 5 min after photosensitizer injection, the target compartment located above the anterior mediastinum of the shaved chest was irradiated with a 650-nm semiconductor laser (ThinkLasers) coupled to a fiber-optic light pipe with a diameter of 1.5 mm producing a homogenous radial light pattern. The end of the optical fiber was positioned 3-4 mm from the surface of the chest with the laser beam illuminating the target area. Fifteen minutes of illumination delivered a light dose of 72 J/cm with a fluence rate of 80 mW/cm. Power flux was measured before and after irradiation of each animal by using a LaserCheck power meter (Coherent, Wilsonville, OR). For the initial experiments, the temperature was monitored with a K-type thermocouple probe (Fisher Scientific, Pittsburgh, PA) placed on the thoracic surface at the designated site of irradiation. Rats received a second dose of buprenorphine (0.1 mg/kg sc) 12 h after the irradiation procedure.
Electrocardiography. Peripheral electrocardiography (ECG) tracings were acquired from standard bipolar limb leads (lead I, lead II, and lead III) and augmented unipolar limb leads (aVL, aVF, and aVR) at a sampling rate of 0.5 kHz using the BIOPAC data acquisition system (BIOPAC, Goleta, CA) before and at designated time points after the illumination procedure under isoflurane anesthesia (1.5% vol/vol in oxygen at 1 atm, 1.0 l/min). ECG waveforms were further analyzed using AcqKnowledge (BIOPAC) and LabChart software (ADInstruments, Colorado Springs, CO).
Estimation of infarct size using triphenyltetrazolium chloride staining. Hearts were harvested from the animals at 1, 3, 6, 14, and 40 days after photodynamically induced MI. Rats were euthanized by pentobarbital sodium (Nembutal) overdose at 250 mg/kg ip, and heart tissue was removed within 30 s after death. Excised hearts were frozen at Ϫ20°C and then cut into 2-mm transverse sections from the apex to the base. Slices were then immersed in a 1% (wt/vol) solution of triphenyltetrazolium chloride (TTC) in 0.1 M phosphate buffer, pH 7.5, and incubated for 15-20 min at 37°C. The slices were then fixed in 10% formalin. Dehydrogenase activity in originally vital tissue causes deep red coloration, whereas infarcted tissue develops a pale tan color; fixation in formalin increases the contrast. Stained slices were then scanned and images analyzed for infarct size as described previously (22, 36) . The infarct size (expressed as %LV) was then determined as a percentage of weight of infarction/weight of LV. The weight of infarction was estimated from the following equation:
where A is the percent area of infarction from planimetry of a particular section n, and W is the weight of the corresponding section.
Histopathological analysis. Heart tissue samples were fixed in 4% (vol/vol) neutral-buffered formaldehyde, embedded in paraffin, cut into 5-m-thick sections, and stained with hematoxylin-eosin. The photomicrographs were taken using a Olympus BH-2 microscope equipped with a Nikon digital camera DXM1200 (Nikon, Tokyo, Japan) and are representative of the experimental groups.
Computed tomography imaging. Computed tomography (CT) scans were acquired using the X-SPECT imaging system. CT scans were acquired using following settings: 70 kV at 350 A and a 1 ϫ 1 binning mode of the X-ray detector with 512 projections collected on a 360°rotation. Tomographic reconstruction has been done using a standard filtered back projection, and three-dimensional CT data sets were processed and analyzed on the AMIRA System (TGS, San Diego, CA).
Determination of cardiac troponin levels. Blood samples were collected via tail vein before and at designated time points after the photodynamically induced MI. The heparinized plasma was analyzed for concentration of rat cardiac troponin I (cTnI), which was determined in heparinized plasma using sandwich ELISA (Kamiya Biomedical, Seattle, WA) according to the manufacturer's protocol, and results are expressed as mass of circulating protein related to the plasma volume.
Statistical analyses. All results are expressed as means with corresponding standard deviation. Gaussian distribution of measured values was confirmed using Kolmogorov-Smirnov tests. To compare the infarct sizes at different time points, analysis of variance (ANOVA) was applied with consequent Dunett's test using the 1-day post-MI data as reference group. For cTnI values, ANOVA for repeated measurements was applied followed by the Bonferroni's post hoc test to evaluate the differences between respective groups, and P Ͻ 0.05 was considered significant. All statistical analyses were performed using the Prism program (GraphPad Software, La Jolla, CA).
RESULTS
X-ray-guided targeted laser illumination of photosensitized heart tissue induces MI.
To triangulate the area to be irradiated and align laser fiber optics over the area of the LV, we performed X-ray scans of the anesthetized animals. The thoracic area was marked with X-ray contrast agent to form a matrix of reference points. The radiopaque fiducial markers were visible on X-ray scans and could be easily distinguished from high-density structures, such as thoracic bones, as well as other tissues. This array of fiducial marks facilitated triangulation and allowed positioning of the laser beam ( Fig. 1, A and B) over the LV of the heart (Fig. 1A) . Temperature measurements using a thermocouple placed at the site of irradiation showed minor fluctuations of 3 Ϯ 1°C above the baseline temperature.
The macroscopic view of heart tissue 1 day after photodynamic laser illumination in animals that received photosensitizer showed central areas of pale pink discoloration with signs of hemorrhage (Fig. 2G ). After 6 days, infarcted areas turned white with blood congestion at the circumference (Fig. 2J) . Two weeks later, infarcted areas showed dense scar formation (Fig. 2M) . Hearts of irradiated animals without photosensitizer did not show myocardial damage at gross or histological levels (Fig. 2, D-F) . Out of 51 rats that underwent photodynamically induced MI, 6 rats died within 3 days after the procedure, which indicates a total mortality rate of 12%.
Histopathological analyses reveal tissue destruction and replacement fibrosis after photodynamically induced transmural infarcts. Myocardial injury was further assessed at different time points after the photodynamic procedure by histological evaluation. Histology of heart tissue from control animals (i.e., irradiated without administration of photosensitizer) showed preserved cardiac structure and well-distinguished cardiomyocytes with intact transversal striations (Fig. 2, E and F) identical to those of untreated animals (Fig. 2, B and C) . In contrast, evaluation of heart specimens harvested from irradiated animals receiving photosensitizer showed pronounced histopathological changes; 24 h after irradiation, hemorrhage and vascular occlusion were seen in the irradiated region (Fig. 2, H and  I ). At this time point, the infracted ventricular tissue showed myocardial degeneration with cross striations, and nuclei of cardiomyocytes were mostly lost (Fig. 2I ). Blood capillaries and small arteries were disrupted or dilated, occluded, and filled with red blood cells hemorrhaging into the interstitial space. This was accompanied by the evident neutrophilic infiltration of the interstitium (Fig. 2I) . Over the next 6 -14 days, the affected area showed a fibrovascular response. Progressive invasion by granulation tissue took place, and this was subsequently replaced by fibrous collagenous scar tissue (Fig.  2, K and L, N and O) . The brown-yellow pigmentation typical for hemosiderin deposition was occasionally present (Fig. 2, N and O). Animals that were irradiated and received photosensitizer initially showed minor scarring at the surface of irradiation site; the skin scar healed within several days. Scar formation did not occur in sham animals that were irradiated but did not receive photosensitizer. Overlying tissues above the heart appeared to be intact during the postmortem dissection but were not further analyzed for histopathological changes.
To determine the MI size, infarcted tissue and vital myocardium were demarcated using TTC staining on transversal heart sections harvested at different time points after laser illumination (Fig. 3A) . All animals that received photosensitizer followed by irradiation showed a transmural extent of infarction targeting the anterolateral LV wall with minimal participation of the septum and right ventricle. The TTC-stained slices were also used to determine infarct size. At day 1 after irradiation, photodynamic irradiation of animals injected with photosensitizer reproducibly induced moderate anterolateral infarcts targeting 25 Ϯ 3% of the LV (Fig. 3B) . The percentually expressed infarct size showed narrow variability and a moderate but statistically significant decline over 40 days to 20 Ϯ 3% (P Ͻ 0.01 vs. day 1; Fig. 3B ). In contrast, MI was not detectable on TTC-stained heart slices from control animals irradiated without administration of photosensitizer (n ϭ 6, Fig. 3A, first slide) .
Anterolateral infarction was associated with significant elevation of circulating cTnI after photodynamically induced MI. The plasma levels of cTnI, a marker of myocardial injury, were determined by ELISA at different time points after photodynamic infarction. Animals that received photosensitizer showed marked elevation of cTnI, 40.5 Ϯ 5.8 ng/ml at 6 h after irradiation, significantly above baseline of the plasma collected before photodynamic irradiation (Fig. 3C) . Consequently, cTnI levels in the plasma gradually declined with a half-life of 9.3 h within 4 days to the baseline. Plasma collected from animals before photodynamically induced infarction, as well as from irradiated animals without the photosensitizer, did not show detectable levels of cTnI (Fig. 3C) .
Electrocardiographic findings confirm anterolateral MI. ECG electrical activity was monitored before and at designated times after photodynamic infarction. In the acute phase after irradiation procedure, the ECGs of all irradiated animals that received photosensitizer exhibited characteristic repolarization abnormalities, including ST-segment elevation in lateral leads (lead I and aVL; Fig. 4 ). The immediate ST elevation was followed within 3-6 h by the development of a significant Q wave (Ͼ25% of the following R wave). The representative time evolution of lead I is shown in Fig. 4 . Repolarization abnormalities were attenuated, but the Q wave persisted as a sign of previous MI through all subsequent tracings (Fig. 4)   Fig. 1 . X-ray image-guided positioning of laser fiber optics. A: X-ray scan. The thoracic area above the mediastinum was marked with fiducial marks (contrast agent) to correlate the X-ray image with the target myocardial area for laser illumination. B: placement of fiber-optic light pipe and transthoracic illumination procedure.
in both the resolution and chronic phases. Furthermore, the ECG tracing for most of the animals (Ͼ95%) in the chronic MI phase (2-3 wk after acute MI) showed the presence of premature ventricular contractions (PVCs) with an elevated frequency of 2-4 per minute. PVCs resolved in most of the cases within 4 wk. PVCs were not detected in animals before photodynamically induced MI or before this time window.
Vectorcardiogram (VCG) recorded in frontal (YZ) plane showed significant distortion of QRS loop after photodynamic irradiation. Figure 5 shows VCG loops of animals before (control) and abnormally displaced VCG loops at different time points after photodynamic irradiation. Our observations indicated a significant decrease of QRS loop area, redistribution of quadrant coverage, and alteration of orientation/direction of inscription after photodynamically induced infarction.
VCG recorded in the chronic phase of MI again showed the presence of PVCs. These changes supplement ECG findings and confirm spatiotemporal conductivity defects in the infarcted myocardium.
CT imaging reveals abnormal density in the infarcted tissue.
To analyze the possible density changes of the infarcted myocardial tissue, thoracic CT scans were performed. Within 10 days after photodynamic infarction, we did not observe any alterations in X-ray attenuation in the infarcted area using CT images without contrast enhancement. However, 2 wk after photodynamically induced MI, we observed opacification in the irradiated area of the heart (Fig. 6, A-C) . The opacification detected on sagittal, coronal, and axial CT slices throughout the infarcted area overlaps with the targeted site for irradiation (Fig. 1A) and with the scar tissue developed subsequently to the MI (Fig. 2, M-O) . 
DISCUSSION
Photosensitization of tissue or light-induced, photosensitizermediated photocytotoxicity (photodynamic therapy, PDT) has been effectively used to ablate, eradicate, or modify tissue (8, 50) . Photodynamic action is based on the excitation of a photoreactive drug (photosensitizer) by light with a wavelength tuned to the absorption band of the photosensitizer (34) . The photoexcited drug transfers energy to oxygen, which generates cytotoxic and highly reactive oxygen species (45, 52) . Subsequent photodestruction is mediated predominantly through vascular damage (13, 26) , whereas direct phototoxicity is often limited (27) . PDT has been effectively used for vascular disruption in cancer therapy (11, 35) , as well as in the treatment of noncancerous pathologies, such as age-related macular degeneration (5). Photodynamically induced damage to endothelial cells and the vascular basement membrane results in thrombogenic sites in the vascular lumen and initiation of a cascade of events (including platelet aggregation, leukocyte adhesion, vasoconstriction, and increase of vascular permeability), ultimately resulting in vascular occlusion/collapse, blood flow stasis, and hemorrhage (33) . In addition to cardiomyocyte necrosis, progressive granulation, and myocardial scar formation, the majority of these events were observed in the pathogenesis of MI induced by photodynamic irradiation. Within a short circulation time (5 min) following injection, the photosensitizer is not expected to extravasate into the myocardial tissue and reach significant accumulation in cardiomyocytes. Therefore, direct phototoxicity to cardiomyocytes might be marginal, and vascular occlusion is presumably the main underlying cause of myocardial ischemia and the developing MI. The vascular damage evolves into irreversible occlusion and consequently does not allow reperfusion, which represents a limitation of the presented MI model. Histological findings of MI are consistent with the concept that photosensitization and photodynamically mediated MI are not based on thermal injury. Furthermore, thermocouple-based measurements showed only a minor rise in temperature at the site of irradiation. These results confirm that the induced MI was caused specifically by a photodynamic mechanism. Irradiation of photosensitized animals produced at the surface of the illumination site just minor scarring that healed in several days. No such scarring was apparent in control (sham) animals illuminated without photosensitizer. In experiments that monitor post-MI inflammatory responses, this tissue damage has to be taken into consideration because it could add to overall inflammation.
Photodynamically induced MI does not require thoracotomy, ventilation, and suturing and consequently does not yield intra-and postoperative complications. Reports on procedures based on surgical occlusion of coronary artery include variable rodent mortality rates ranging between 13.6 and 64.6% in mice (43) and 33 and 65% in rats (29, 41) , presumably because of large infarct size variability and operation procedures. However, optimization of surgical technique may lead to reduced long-term mortality 26.7% (60). Hu et al. (29) have reported 21.6% mortality in rats within 30 min after coronary artery ligation and 33% within 8-wk follow up, whereas Neubauer et al. (38) have observed 40 -50% mortality within the first 24 h. In the present study we determined a total mortality rate of 12% observed within 7 wk after photodynamically induced MI. This apparent reduction may be attributed to moderate myocardial damage and less overall invasiveness of the technique, namely, avoiding extensive surgery and shortening postoperative recovery. Cardiac rupture was not observed at postmortem dissection. It is possible that this low-level mortality is caused by early arrhythmias or thrombotic events, typical for the post-MI period rather than specific to the procedural circumstances.
Despite the small heart size and rapid heart rate, this method reproducibly induced myocardial infarction in the LV of rats in a region of interest as small as 25-30 mm 2 supplied mainly by left anterior descending coronary artery. The resolution could be further improved by decreasing the diameter of optical fiber coupled to the laser and/or by using an ECG-gated output of the laser source where pulses would be overlapping with diastole.
For some studies, the small to moderate infarct size is a limitation of this model. For example, larger infarcts may be necessary to evaluate the consequences on heart failure. Otherwise well-controlled and not-so-large infarcts may be very useful to investigate many other aspects of post-MI adaptation, including resolution mechanisms, cardiac biomarkers, and therapeutic approaches. The size of the infarcted area can be potentially increased or decreased by tuning of the fiber-optic light pipe diameter and/or by changing the light dose delivered to the target area. We have tested this method on a cohort of rats with a wide range of body weight (110 -300 g) and find that the most suitable body weight falls below 190 g, corresponding to an estimated depth/effective penetration of laser beam into the tissue of ϳ5-6 mm. If the procedure has to be done in animals with body weight above 200 g, we advise the use of a laser/photosensitizer system with longer wavelength for improved penetration of the laser beam through intercostal muscles, such as WST-09 (Tookad)/763 nm (35) . Various anesthetics can be used, but isoflurane as used in our study is superior to injectable anesthesias because of rapid recovery following the irradiation procedure.
The close proximity of the lung tissue in the mediastinal region creates the possibility for the irradiation of the off target peripheral areas of the lung lobes. With the accurate triangulation of the target site using X-ray imaging, the incidence of peripheral pulmonary infarction is limited to ϳ5% (these animals were excluded from the study). Although the capacity for extracardiac damage can be minimized, it has to be considered depending on the exact design of the protocol and the accuracy of triangulation of the target site. We routinely use X-ray imaging as described for precise triangulation of the target area; however, in laboratories without X-ray imaging instrumentation, researchers may consider applying a less accurate determination of the irradiation site by positioning the laser fiber-optic pipe ϳ4 mm on the left laterally from sternum between the 7th and 8th ribs.
Beyond myocardial and lung infarction (14) , this method of photodynamically induced infarction may be potentially useful to establish targeted induction of stroke as well as liver or kidney infarction. After adaptation of the light source and by application of different photosensitizers, the presented model also has translational potential for larger animals for studies requiring a small to moderate size of MI.
Histopathological findings of developing MI after photodynamic irradiation, such as loss of the cardiomyocyte's typical rod-shaped morphology, transversal striations, necrosis, and neutrophilic infiltration in the acute phase, as well as subsequent granulation and development of collagenous scar in the resolution phase, are in concordance with the well-known pathophysiology of MI (9, 21) . Hemorrhage observed in the acute phase after photodynamically induced MI is a consonant consequence of increased vascular permeability (33) and severe microvascular injury, typical for acute MI (3). Decomposition of iron-containing red blood cells may lead to deposition of hemosiderin during MI (49, 57) . We have also observed deposition of hemosiderin aggregates in the site of granulation.
TTC staining showed the transmural extension of the MI in all animals irradiated after photosensitizer administration. The infarct size as measured relative to the LV area declined over time modestly but with statistic significance. After MI, the LV myocardium undergoes extensive remodeling, including hypertrophy of noninfarcted myocardium and LV chamber dilatation (56) . This maladaptive compensatory hypertrophy of noninfarcted LV, replacement fibrosis, and wound contracture accompanying the scar maturation may contribute to the relative decrease in infarct size. This mild decrease that we observed here in infarct size agrees with previous reports (40, 46) . The X-ray opacification that we observed in the infarcted regions 2 wk after photodynamically inducing the MI may be attributed to the presence of dense fibrotic tissue in the scar and/or to the calcification of the infarct area. It has been shown that old myocardial infarctions become calcified and detectable by non-contrast-enhanced CT (23, 47) .
The electrocardiographic tracings clearly document evolution of the MI after photodynamic irradiation. Repolarization abnormality (ST-segment elevation/depression) is an indicator of acute myocardial ischemia and/or acute MI (4). The Q waves are universally recognized markers of remote MI (37) . According to our observations, the ECG tracings of these depolarization and repolarization abnormalities confirm MI development after photodynamic illumination. Furthermore, the persistence of the Q wave indicates the transmural nature of the infarction (55), which we confirmed histologically by TTC staining of the tissue. Besides the presence of Q waves, PVCs were present during the chronic phase of MI. Similarly to the electrophysiological consequences of clinical MI (10), PVCs have been well documented in experimental MI models (20, 48) . Often they are precursors to ventricular fibrillation (1), one of the major causes of death in patients after acute MI (44, 54) . In addition to conventional ECG, two-dimensional VCG analysis proved to be superior to scalar ECG, particularly in diagnostic sensitivity of acute MI (19, 30) . VCG plots clearly showed changes in orientation/direction of inscription of instantaneous heart electrical vector and abnormal QRS loop pattern.
After photodynamically induced MI, we observe an acute rise in plasma of cTnI, a standard marker of myocardial ischemia, myocardial necrosis, and acute MI (2, 16, 17, 28) . The levels and time course of the peak values are consistent with the cTnI data reported by other investigators (39) . According to the criteria for the diagnosis of acute MI as issued by the European Society of Cardiology and the American College of Cardiology (ESC/ACC), the rise and gradual fall in cTnI level combined with development of pathological Q waves on ECG is sufficient for the diagnosis of acute, evolving, or recent MI (2, 6) . Therefore, the transiently elevated cTnI and the appearance of Q waves confirm the induction and development of MI after photodynamic irradiation. These results show that focused external photodynamic irradiation can target with reasonable precision the induction and development of MI in rats.
Conclusion. The novel laser-targeted, photosensitizer-induced method reproducibly generates localized infarction in a controlled area of rat hearts using a minimally invasive procedure. This newly developed method is a noninvasive alternative to current MI models in rodents. It avoids thoracic surgery, subsequent surgical wound healing, and prolonged postoperative recovery. With only a 12% mortality rate, this photodynamically induced MI model might have significant utility for the preclinical evaluation of novel diagnostic or therapeutic strategies.
